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Abstract Loss of genetic variation from genetic drift during
population bottlenecks has been shown for many species. Red
deer (Cervus elaphus) may have been exposed to bottlenecks
due to founder events during postglacial colonisation in the
early Holocene and during known population reductions in
the eighteenth and nineteenth centuries. In this study, we
assess loss of genetic variation in Scandinavian red deer due
to potential bottlenecks by comparing microsatellite (n=14)
and mitochondrial DNA variation in the Norwegian and
Swedish populations with the Scottish, Lithuanian and
Hungarian populations. Bottlenecks are also assessed from
the M ratio of populations, heterozygosity excess and from
hierarchical Bayesian analyses of their demographic history.
Strong genetic drift and differentiation was identified in both
Scandinavian populations. Microsatellite variation was lower
in both Scandinavian populations compared with the other
European populations and mitochondrial DNA variation was
especially low in the Swedish population where only one
unique haplotype was observed. Loss of microsatellite alleles
was demonstrated by low M ratios in all populations except
the Hungarian. M ratios’ were especially low in the
Scandinavian populations, indicating additional or more
severe bottlenecks. Heterozygosity excess compared with
the expectation from the number of observed microsatellite
alleles suggested a recent bottleneck of low severity in the
Norwegian population. Hierarchical Bayesian coalescent
analyses consistently yielded estimates of a large ancestral
and a small current population size in all investigated
European populations and suggested the onset of population
decline to be between 5,000 and 10,000 years ago, which
coincide well with postglacial colonisation.
Keywords Cervus elaphus . Genetic drift . Prehistoric .
Demographic history . Allele richness
Introduction
Loss of genetic variation from genetic drift during
population bottlenecks has been demonstrated for many
species (Weber et al. 2000; Vila et al. 2003; Goossens et al.
2006), as a result of processes such as founder events and
isolation after postglacial colonisation (Hewitt 2000; Hewitt
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2004) or as a consequence of human activities during the
last centuries (Vila et al. 2003; Weber et al. 2004; Nystrom
et al. 2006). However, even though rare alleles are soon lost
during a bottleneck, heterozygosity is only reduced when it
is severe or long-lasting (Maruyama and Fuerst 1985;
Allendorf 1986). Few empirical studies of wild populations
have thus provided convincing evidence of significant loss
of heterozygosity through bottlenecks (Amos and Harwood
1998; Amos and Balmford 2001).
During the Pleistocene ice ages, cold climate and
expansion of the polar ice sheets compressed vegetation
zones and species ranges into southern refuges towards the
Equator (Andersen and Borns 1994; Hewitt 1996, 2000).
With the interglacial periods’ shifts to warmer climate and
retreat of permafrost and continental ice caps, species
expanded northwards along a leading edge, involving
founder events and loss of genetic variation in the northern
areas (Hewitt 1996, 2000, 2004). In Europe, red deer
(Cervus elaphus) first appeared in the Pleistocene during
the Cromerian interglacial approximately half a million
years ago and fossil records suggest a subsequent distribu-
tion changing with the glacial cycles (Flerov 1952; Kurtèn
1968; Lister 1984; Lister 1993). During the last glacial
maximum (LGM) around 22–18,000 years before present
(BP), most of northern Europe was covered by a thick ice
sheet (Andersen and Borns 1994; Clark and Mix 2002;
Clark et al. 2009). Red deer phylogeography suggests two
genetically distinct LGM refuges; (1) the Iberian Peninsula
and possibly the Italian Peninsula and (2) the Balkans
(Skog et al. 2009). LGM-dated archaeological findings
coincide with these but suggest wider refuges which
include areas in southwestern France and the Carpathians
(Sommer and Nadachowski 2006; Sommer et al. 2008).
As the ice sheet retreated through several oscillations
until around 8,500 BP (Andersen and Borns 1994), on each
side of the Alps red deer expanded from (1) the Iberian
refuge into western and northern Europe and (2) from the
Balkan refuge into eastern Europe (Sommer et al. 2008;
Skog et al. 2009). The glacial reduction of the sea level had
created land bridges that in northern Europe connected the
continent with the British Isles and the southern part of the
Scandinavian Peninsula (Andersen and Borns 1994). After
invasion via these land bridges, red deer appeared around
9,500 BP in Britain (Lister 1984) and southern Sweden
(Jonsson 1995; Liljegren and Ekström 1996) and around
6,700 BP in western Norway (Rosvold 2006). Around
8,000 BP, a sea level rise from melting ice flooded the land
bridges and the southern part of Scandinavia and the British
Isles became isolated from the continent (Andersen and
Borns 1994; Jonsson 1995). Archaeological findings
indicate wide prehistoric distributions in Britain (9,500–
5,000 BP, Lister 1984) and Sweden (9,000–3,800 BP,
Ahlèn 1965) while in Norway the vast majority of
prehistoric findings (6,700–2,000 BP) have been made
along the west coast (Lønnberg 1906; Ahlèn 1965; Rosvold
2006; Hufthammer 2006).
Today, the European red deer is divided into two distinct
genetic lineages, one western and one eastern (Ludt et al.
2004; Sommer et al. 2008; Skog et al. 2009). Populations
located today in past LGM refuges have higher levels of
genetic variation than populations within areas of postgla-
cial colonisation (Skog et al. 2009). In addition, genetic
differentiation has been estimated on many different
geographical scales by allozymes (Hartl et al. 1990;
Strandgaard and Simonsen 1993; Herzog and Gehle
2001), mtDNA (Hartl et al. 2005) and microsatellite
markers (Zachos et al. 2003; Feulner et al. 2004; Kuehn
et al. 2004). In these studies, genetic differentiation was
related to geography or isolation by distance (Hartl et al.
1990; Herzog and Gehle 2001; Kuehn et al. 2004) or to
effects of anthropogenic influences like habitat fragmenta-
tion (Kuehn et al. 2003; Hartl et al. 2005), selective hunting
or translocations between different populations (Hartl et al.
1991; Hartl et al. 2003).
During the Middle Ages, the Norwegian red deer
population had a wide distribution, as indicated by
records of comprehensive export of skin and antlers and
frequent finds of red deer remains in the waste deposits
of many large cities (Collett 1909; Grieg 1909; Collett
1912). In more recent times, there are written records of an
abundant population across southern Norway in the
sixteenth and seventeenth centuries (Claussøn Friis 1599;
Pontoppidan 1753). During the eighteenth century, the
Norwegian population was severely reduced and in the
nineteenth century it was limited to a few localities along
the west coast, counting only a few hundred individuals at
the most extreme (Collett 1909; Ingebrigtsen 1924). In
Sweden, written records indicate a wide red deer distribution
before the eighteenth century, but extirpation from most
localities occurred during the eighteenth and nineteenth
centuries (Ahlèn 1965). Afterwards, indigenous Swedish
red deer were only found in one southernmost area (Scania),
fluctuating between 50 and 100 individuals until recently
(Lønnberg 1906; Ahlèn 1965). Captive bred red deer of
indigenous, presumed indigenous and unknown non-
indigenous origin have since 1950 been introduced into
localities outside Scandia (Ahlèn 1965; Gyllensten et al.
1983; Whalstöm 1996). The indigenous Swedish population
have remained relatively isolated (Gill 1990). The introduced
localities are, however, not particularly differentiated genet-
ically from the Scandia population (Gyllensten et al. 1983).
Separate red deer of unknown, non-indigenous origin have in
addition, since 1950, been suspected of escaping from
captivity in areas at far distances from Scandia (Whalstöm
1996). The Scandia population increased to around 200
individuals in the 1950s and around 400 in 1989 (Lavsund
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1975; Lavsund 1990), and today counts 1,200–1,500 individ-
uals before the yearly hunt (personal communication, Anders
Jarnemo, Swedish University of Agricultural Sciences). The
Norwegian population has expanded much more drastically
both demographically and spatially during the last century,
and particularly the last three decades (Gill 1990). Only one
translocation is known, into a hereto isolated island population
(Haanes et al. 2010). Today, red deer are common in most
parts of southern and central Norway and the population
counts from 100,000–120,000 individuals (Langvatn 1988;
Forchhammer et al. 1998; Langvatn 1998).
Previous studies indicate a generally low level of
microsatellite variation in Norwegian red deer (Røed
1998) and that allozyme variation is absent and low in
the Norwegian and Swedish populations, respectively
(Gyllensten et al. 1983). In this study, we compare the
level of genetic variation at 14 microsatellite markers and
one mtDNA sequence in the Scandinavian red deer
populations with the levels in other European populations
to address whether genetic variation has been lost due to
bottlenecks since postglacial colonisation. In addition,
we use specific tests for bottlenecks and assess the
demographic history of each population through esti-
mates of ancient and present population sizes and time
since onset of any change.
Methods and materials
Sampling and laboratory procedures
From 2001 to 2005, muscle tissue and blood samples were
obtained from Norwegian (n=20, three regions), Swedish
(n=19, two localities), Scottish (n=20, 12 localities),
Lithuanian (n=20, two regions) and Hungarian (n=20,
three regions) red deer (Fig. 1). The three non-Scandinavian
populations were chosen for comparison since they are
situated in areas of comparable postglacial colonisation.
The Scottish and Hungarian populations each lie within the
areas of postglacial colonisation from the Iberian and
Balkan glacial refuge, respectively (Ludt et al. 2004;
Sommer et al. 2008; Skog et al. 2009). The Scottish
population is an island population that is comparable to the
Scandinavian ones in terms of postglacial flooding of the
LGM land bridges to continental Europe. The Lithuanian
population, by comparison, has been landlocked since
colonisation and the phylogeographic pattern implies that
it too was colonised from the Iberian glacial refuge. The
Swedish samples are from the isolated indigenous sanctuary
(n=11) in central Scandia (Ahlèn 1965; Gyllensten et al.
1983; Gill 1990) and from one locality at Hunneberg (n=8)
where red deer have been introduced from this sanctuary.
The areas sampled in Norway all lie within the area of
distribution recorded during the beginning of last century
(Collett 1909; Ingebrigtsen 1924) and today represent three
of five subpopulations (overall Fst=0.08, Haanes et al.
2010). The Scottish samples were collected from 12 estates
along the Central-West Highlands (overall Fst=0.02, Pérez-
Espona et al. 2008). The Hungarian samples were collected
from three well-separated areas.
Genomic DNA was isolated from muscle tissue (Qiagen,
DNeasy KIT) and genotyping performed using the following
14 dinucleotide microsatellite loci: CSSM03 (Moore et al.
1994); OarCP26 (Ede et al. 1995); RT5 (Wilson et al. 1997);
SRCRSP10 (Bhebhe et al. 1994); NVHRT73 and NVHRT48
(Røed and Midthjell 1998); McM58 (Hulme et al. 1994);
OarFCB193 and OarFCB304 (Buchanan and Crawford
1993) and BM5004, BM888, BMC1009, BM4208 and
BM4107 (Bishop et al. 1994). Loci were amplified on a
GeneAmp PCR System 9600 (Applied Biosystems, CA,
USA) in 10 μL reaction mixtures with 30–60 ng of genomic
template DNA, 2 pmol of each primer, 50 mM KCl, 1.5 mM
MgCl2, 10 mM Tris–HCl, 0.2 mM dNTP and 0.5 U of
AmpliTaq DNA polymerase (Applied Biosystems). An initial
denaturation at 94°C for 5 min was followed by 30 cycles of
amplification with 1 min at 95°C, 30 s at 55°C and 1 min at
72°C and a final 10 min extension at 72°C. PCR products
were then separated by size using capillary electrophoresis
(ABI PRISM 310) and electromorphs genotyped with
GENOTYPER1.1.1 (both Applied Biosystems).
A 463 base-pair region of the mitochondrial D-loop
adjacent to the tRNApro gene was amplified using the primers
L15394 and H15947 (Flagstad and Røed 2003). Amplifica-
tions were performed in 10 l volumes containing 1.5 mM
MgCl2, 200 μM of each dNTP, 4 pmol of each primer and
0.5 U of AmpliTaq DNA polymerase (Applied Biosystems).
Thirty-five cycles of amplification with 30 s at 94 C, 30 s at
60 C and 45 s at 72 C were preceded by a 2-min pre-
denaturation step and followed by a final 7-min extension.
Sequencing was performed using BigDye terminator cycle
sequencing chemistry on an ABI 3100 instrument, and
sequences aligned manually using SeqScape version 2.0
(Applied Biosystems).
Statistical analyses
Genetic diversity and differentiation
Deviations from Hardy–Weinberg equilibrium were assessed
for each population through exact tests across the 14 micro-
satellite loci using GENEPOP 3.4 with default settings
(Rousset and Raymond 1995). Significance levels were
sequentially Bonferroni adjusted for repeated tests (Rice
1989). To address the level of genetic variation and
investigate for differences among populations in the micro-
satellite loci, we used FSTAT 2.9.3 (Goudet 2001) to
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calculate allelic richness (El Mousadik and Petit 1996) and
gene diversity (Nei 1987) for each population across loci.
Comparisons were also made with the allelic richness and
gene diversity recorded in other studied populations. In four
loci (OarCP26, OarFCB304, BM888 and BM4208), geno-
types were obtained from Dr. Frank Zachos for nine
populations in Serbia and Romania (n ∈ [6, 26], from
Feulner et al. 2004), which lie within the area suggested as
the Balkan glacial refuge (Sommer et al. 2008; Skog et al.
2009). In three loci, genotypes were obtained from Dr. Javier
Peréz-González for one Iberian population (OarCP26, n=27;
and OarFCB304, OarFCB193, n=240) in San Pedro (from
Peréz-González et al. 2010), which lie within the area
suggested as the Iberian glacial refuge (Sommer et al.
2008; Skog et al. 2009).
Genetic variation in the mtDNA control region was
assessed from haplotype number (nh) and diversity (h),
nucleotide diversity (nd) and Wattersons’ theta (θ), calculated
using ARLEQUIN 3.0 (Excoffier et al. 2005). Neutrality
tests (Tajima’s D) were also performed in ARLEQUIN. In
addition, the distribution of haplotypes and relationships
among haplotypes were visualised through a statistical
parsimony network analysis using TCS 1.13 (Clement et
al. 2000). Observed haplotype sequences (463 bp) were
blasted in GeneBank (99% similarity criterion). To get a
network as coherent as possible, eight European red deer
sequences with known origins within Europe were down-
loaded and included: AF291886 and AF291887, AF291888,
AF291889 (Italian, Norwegian and Spanish, respectively;
Randi et al. 2001) and DQ386107–DQ386110 (all Scottish;
Nussey et al. 2006).
Genetic structure among populations was addressed
through F statistics (Weir 1996), calculated using FSTAT
for the microsatellite data and through an analysis of
molecular variance (Excoffier et al. 1992) in ARLEQUIN
3.0 for the mtDNA data, excluding indels and estimating
significance from 3,000 permutations. F statistics were
also used to address inbreeding (Fis) and the overall Fst
within each separate population (theta) and the subsequent
Fis (f) when theta is accounted for. Genetic structure was
further assessed through individual-based factorial corre-
spondence analysis (FCA) as implemented in GENETIX
4.05.2 (Belkhir et al. 2004) and through Bayesian
assessment without any prior information on sampling
localities, as implemented in STRUCTURE 2.3 (Pritchard
et al. 2000). In STRUCTURE, for each of a different
number of genetic clusters (K ∈ [1, 7]), an admixture
model (α=1, αmax=50), with correlated allele frequencies
(Falush et al. 2003), 100,000 burn-in cycles and 500,000
Monte Carlo Markov Chains (MCMC) iterations was run
10 times. Average posterior probability among runs and
standard error were calculated for each K value. The main
genetic structure was interpreted from ΔK, which is
negatively related to the often increasing variance among
Fig. 1 Sampling areas of the
Norwegian (No), Swedish (Sw),
Scottish (Sc), Lithuanian (Li)
and Hungarian (Hu) red deer
populations
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runs and higher posterior probabilities of higher K values
and which can be used to identify major breakpoints
(Evanno et al. 2005).
Bottlenecks and demographic histories
Bottlenecks of short duration or low severity may involve
loss of alleles without any significant reduction of hetero-
zygosity, and are followed by a transient period of allele
deficiency compared with what is expected from the
observed heterozygosity (Nei et al. 1975; Maruyama and
Fuerst 1985). The probability of a recent bottleneck was
addressed in each population by testing if the observed
heterozygosity (unbiased gene diversity) was higher than
expected from the observed numbers of alleles across
microsatellite loci, using 10,000 simulations to estimate
the expected heterozygosity and a one-tailed Wilcoxon test
implemented in the software BOTTLENECK (Cornuet and
Luikart 1996). Since most microsatellites fit a two-phase
model of mutation (TPM) with 80–95% of the stepwise
mutation model (SMM; Kimura and Ohta 1978) better than
a strict one-step model (Di Rienzo et al. 1994), we used
TPM models with 80% and 90% SMM.
Furthermore, the M ratio (Garza and Williamson 2001)
was calculated for each locus as the ratio between the
number of alleles observed in each separate population
compared to the total number of alleles observed across all
the sampled populations and averaged across loci. Only the
gaps within the repeat size range of each separate
population where the corresponding allele repeat size was
observed in other sampled populations were considered.
This measure reflects for each population the proportion of
mutations present within the allele size range of micro-
satellites and low values are expected when alleles have
been lost during previous bottleneck(s). Simulations as-
suming a constant mutation rate and TPM with 80–90%
SMM have shown that M ratios smaller than 0.68 can be
assumed to represent a loss of alleles during a previous
reduction in population size (Garza and Williamson 2001).
By comparison, empirical data from various species show
that stable populations have M ratios above 0.82, while
populations with a known population reduction have M
ratios below 0.70 (Garza and Williamson 2001). Moreover,
the allele size range of each microsatellite locus was
compared among the populations and the effects of any
differences on the M ratios were assessed. These ranges
were compared with the Iberian, Serbian and Romanian
populations in three and four loci, respectively. To assess
the effects of sample size, a larger (n=419) Norwegian
sample was included (from Haanes et al. 2010), as well as a
smaller sub-sample of the Iberian population (n=20).
The demographic history of each population was
assessed using a hierarchic Bayesian coalescent-based
approach for the microsatellite data (Beaumont 1999; Storz
and Beaumont 2002), as implemented in MSVAR 1.3
(http://www.rubic.rdg.ac.uk/~mab/). The method assumes a
stepwise mutation model and an ancestral population of
prior stable size that started to decline or increase
exponentially until the present population size. Through
the genealogical history of the sample, which looking back
in time may be considered as a sequence of mutations and
coalescent events, it uses MCMC to estimate four demo-
graphic parameters: average mutation rate across loci (μ),
present effective population size (N1), ancestral effective
size (N0) and time (years) since the onset of decline or
expansion (T). Means and variances of prior parameter
distributions are drawn from hyperpriors with separate
means and variances, which were set wide to allow chains
to evolve freely (Table 1). Different starting values for the
mutation rate (μ) may have an effect on posterior
distributions (Storz and Beaumont 2002) and an average
μ of 103.5 was used both for priors and hyperpriors,
reflecting a typical average among microsatellite loci
(Dallas 1992; Weber and Wong 1993; Zhang and Hewitt
2003). To assess the effects of different starting values in
the other parameters, runs with different hyperprior means
of N0 and T were applied to each population (runs 1–6,
Table 1). Several runs were also run with similar priors,
applying starting values that assumed a large ancestral
effective size (N0=10,000) and no change in population
size (N0=N1, run 7–11, Table 1). The generation time was
set to 8 years (following Kruuk et al. 2002) and posterior
estimates of T were expressed as numbers of years. To
assess the effects of genetic structure and gene flow, the
analyses were performed both for each population sepa-
rately and then with all the sampled populations pooled
together. Convergence was established from the Gelman–
Rubenstein statistics R (<1.13, Gelman et al. 1995;
Beaumont 1999). Chains were run for at least 2×109
iterations with a thinning value of 104.
Results
Genetic diversity and differentiation
None of the populations showed significant deviations from
Hardy–Weinberg equilibrium in any of the microsatellite
loci, except for BM5004 (p<0.0001) in the Hungarian
population and NVHRT73 in the Lithuanian population
(p<0.005). A total of 195 microsatellite alleles, including
70 private, were found among the populations. For the
mtDNA control region a total of 26 haplotypes were
observed. There were clear differences in the level of
genetic variation among the red deer populations. The
microsatellite data shows that the Norwegian and Swedish
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populations had explicitly lower values of allelic richness,
number of private alleles and gene diversity compared
with the other sampled populations (Table 2). The Serbian
and Romanian populations (Feulner et al. 2004) had in
four of the microsatellite loci by comparison allelic
richness (mean: 6.0, SE: 0.1) and gene diversities (mean:
0.82, SE: 0.01) that were higher than in the Scandinavian
populations but similar to the other populations. In three
loci, also the Iberian population had a high allelic richness
(mean, 7.0; SE, 0.5) and a high gene diversity (mean,
0.80; SE, 0.03). In terms of mtDNA sequence variability,
the number and diversity (h) of haplotypes were high in
the Scottish and Hungarian populations, intermediate in
the Norwegian and Lithuanian populations while only one
single and unique haplotype was observed in the Swedish
population (Table 3). Nucleotide diversity and theta
followed the same pattern. Tajima’s D was not significant
in any populations (Table 3).
Among the sampled populations the global overall Fst
was 0.17 (SE, 0.02) and the global overall Fis was 0.05 (SE,
0.02), across the 14 microsatellite loci. All pairwise Fst
values between these populations were significant, and the
ones involving the Scandinavian populations were espe-
cially high (Table 4). Fis values were moderate in the
Hungarian and Scandinavian populations but low in the two
others (Table 2). Within each separate population the
overall Fst (theta) from substructure was low, except in
the Scandinavian populations where it was moderate, but
where it involved low Fis estimates (small f) when
accounted for (Table 2). By comparison, in four of the loci
the Serbian and Romanian populations had an overall Fst
value of 0.08 (SE, 0.03) and most had a high Fis value
(range, 0.00–0.51; mean, 0.30; SE, 0.05). Across three loci,
the Iberian population had a Fis value of −0.01 (SE, 0.05).
The FCA analysis (Fig. 2) showed that the Norwegian
and Swedish populations formed clear separate clusters far
away from the other populations, with axis I and II
explaining 5.66% and 4.96% of the microsatellite variation,
respectively. The other three populations were distributed
along a third axis which explained 4.32% of the variation.
Table 1 Priors and hyperpriors (on log10 scale) used in the hierarchical Bayesian analysis MSVAR1.3 for ancestral (N0) and current (N1) effective
population sizes, mutation rate (μ) and time since onset of decline/expansion (T)
Priors (mean, variance) Hyperpriors (α, σ, β, τ)
Run Log(N0) Log(N1) Log(μ) Log(T) Log(N0) Log(N1) Log(μ) Log(T)
1 4, 1 4, 1 −3.5, 1 4, 1 3, 3, 0, 0.5 4, 3, 0, 0.5 −3.5, 2, 0, 0.5 4, 3, 0, 0.5
2 4, 1 4, 1 −3.5, 1 4, 1 5, 3, 0, 0.5 4, 3, 0, 0.5 −3, 5, 2, 0, 0.5 4, 3, 0, 0.5
3 4, 1 4, 1 −3.5, 1 4, 1 4, 3, 0, 0.5 4, 3, 0, 0.5 −3.5, 2, 0, 0.5 5, 3, 0, 0.5
4 4, 1 4, 1 −3.5, 1 4, 1 4, 3, 0, 0.5 4, 3, 0, 0.5 −3.5, 2, 0, 0.5 2, 3, 0, 0.5
5 4, 1 4, 1 −3.5, 1 4, 1 4, 3, 0, 0.5 4, 3, 0, 0.5 −3.5, 2, 0, 0.5 3, 3, 0, 0.5
6 4, 1 4, 1 −3.5, 1 4, 1 4, 3, 0, 0.5 4, 3, 0, 0.5 −3.5, 2, 0, 0.5 4, 3, 0, 0.5
7 4, 1 4, 1 −3.5, 1 4, 1 4, 4, 0, 0.5 4, 4, 0, 0.5 −3.5, 3, 0, 0.5 4, 4, 0, 0.5
8 4, 1 4, 1 −3.5, 1 4, 1 4, 4, 0, 0.5 4, 4, 0, 0.5 −3.5, 3, 0, 0.5 4, 4, 0, 0.5
9 4, 1 4, 1 −3.5, 1 4, 1 4, 4, 0, 0.5 4, 4, 0, 0.5 −3.5, 3, 0, 0.5 4, 4, 0, 0.5
10 4, 1 4, 1 −3.5, 1 4, 1 4, 4, 0, 0.5 4, 4, 0, 0.5 −3.5, 3, 0, 0.5 4, 4, 0, 0.5
11 4, 1 4, 1 −3.5, 1 4, 1 4, 4, 0, 0.5 4, 4, 0, 0.5 −3.5, 3, 0, 0.5 4, 4, 0, 0.5
The hyperpriors represent the mean and variance for each prior mean (α, σ) and variance (β, τ)
Table 2 Genetic variation in European red deer populations represented by the number of observed (AObs) and private alleles (APr) in 14
microsatellite loci and by estimates of allelic richness (AR), unbiased gene diversity (H) and inbreeding (Fis) averaged across loci
Population No. AObs Apr AR (SE) H (SE) Fis (SE) θ (SE) f (SE)
Swedish 19 67 4 4.1 (0.3) 0.60 (0.03) 0.07 (0.03) 0.09 (0.03) 0.02 (0.04)
Norwegian 20 63 3 4.1 (0.3) 0.64 (0.05) 0.07 (0.03) 0.11 (0.03) −0.01 (0.03)
Scottish 20 120 28 6.9 (0.5) 0.80 (0.03) 0.01 (0.03) 0.01 (0.03) 0.01 (0.04)
Lithuanian 20 99 13 6.0 (0.5) 0.76 (0.03) −0.01 (0.04) 0.03 (0.02) −0.01 (0.04)
Hungarian 20 121 22 7.0 (0.6) 0.81 (0.02) 0.12 (0.04) 0.03 (0.02) 0.10 (0.04)
For each separate population the within-population overall Fst (theta; θ) and the subsequent Fis (f) when accounting for θ. Standard errors in
brackets (SE). The number of individuals sampled per population (No)
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The results of the STRUCTURE analyses showed that a
partitioning of the individual genetic variation into five
genetic clusters was the most probable (P (K=5 | D) >0.99).
This was supported by higher levels of variance among
runs with K>5 and by a pronounced higher ΔK (>300) for
K=5 than for the other K values (ΔK<6; Fig. S1). The five
genetic clusters correspond exactly to the five sampled
populations and show low levels of admixture (Fig. 3).
Genetic structure was not detected within any of the
sampled populations but this is probably due to the low
sample sizes and because ΔK reflects the main genetic
structure rather than lower hierarchical structure.
For the mtDNA sequences, the highest pairwise Fst
values involved the Hungarian population (Table 4), which
represents the East European lineage (Ludt et al. 2004;
Sommer et al. 2008; Skog et al. 2009). The Hungarian
haplotypes were not observed in other populations and their
distinctiveness was further evident from one to three
inserts. Two of these were repeats in a sequence of similar
nucleotides. The Hungarian haplotypes form a distinct
clade that is supported by a mtDNA gene tree (not shown)
and displayed by the network analysis (Fig. 4). As indicated
by the haplotype diversities (h), the network showed that
haplotype frequencies were more evenly distributed in the
Scottish and Hungarian populations than in the Lithuanian
and Norwegian populations. Among the populations, one
haplotype was shared between the Lithuanian and the
Scottish population but was only observed once in each
population. Two haplotypes, one more common and one
rare, were shared between the Norwegian (n=7 and n=1,
respectively) and Scottish (n=4 and n=1, respectively)
populations (Fig. 4).
Bottleneck signals and demographic histories
Among the 195 allele repeat sizes observed in our data set,
each was observed in at least one population, but a total of
74, 96, 128, 132 and 75 were missing in either the
Hungarian, Lithuanian, Swedish, Norwegian and Scottish
population, respectively (Table S1). These gaps in the
microsatellite repeat size range of each separate population
were in other words present in one or more of the other
populations. Increasing the Norwegian sample size by 20
times resulted in the detection of only 12 additional alleles
across the 14 microsatellite loci. Further, within the allele
size ranges of the 14 dinucleotide microsatellite loci, 50
repeat sizes representing potential mutations were not
observed in any of the investigated populations. Among
these potential mutations, 10 repeat sizes were observed for
the four loci OarCP26, OarFCB304, BM888 and BM4208
in the Serbian and Romanian populations, together with 19
more repeat sizes outside the observed ranges of our data
set. For the loci OarCP26 and OarFCB304, the additional
repeats were also observed in the Iberian population. For
the locus OarFCB193, two more of the repeat sizes missing
within and two additional repeat sizes outside the ranges of
the sampled populations were observed in the Iberian
population (Table S1). With all these additional repeat
sizes, these five loci showed near complete dinucleotide
repeat size ranges across all the populations. However,
across the four compared loci only 20–40 of totally 92
alleles were observed in each of the sampled Serbian and
Romanian populations, involving several gaps in their
repeat size ranges. By comparison, the Iberian population
had nearly complete dinucleotide size ranges in two loci,
but several gaps in the repeat size range of the third and less
sampled locus. However, random sub-sampling of 20
Iberian red deer resulted in recording 8/13 and 9/12 of the
Table 3 Genetic variation in European red deer populations represented by the number of observed haplotypes (nh), estimates of haplytype
diversity (h), nucleotid diversity (nd) and Wattersons’ theta (θ) and neutrality by Tajimas’ (D)
Population No. nh h (SD) nd (SD) θ (SD) D (P)
Swedish 18 1 0.00 (.00) 0.000 (.000) 0.00 (0.00) 0.00 (1.00)
Norwegian 17 5 0.76 (.07) 0.003 (.002) 1.18 (0.69) 0.52 (0.73)
Scottish 17 11 0.93 (.04) 0.007 (.004) 2.96 (1.35) 0.05 (0.59)
Lithuanian 18 5 0.55 (.13) 0.006 (.004) 2.33 (1.11) 0.54 (0.73)
Hungarian 18 7 0.86 (.05) 0.009 (.005) 4.94 (2.04) −0.99 (0.16)
Sample sizes (n), standard deviations (SD) and significance (P) are given. The number of individuals sampled per population (No)
Table 4 Population differentiation (Fst) among European red deer
populations in 14 microsatellites (above) and the mtDNA control
region (below diagonal)
Sw No Sc Li Hu
Swedish 0.28 0.17 0.21 0.20
Norwegian 0.64 0.18 0.18 0.18
Scottish 0.42 0.09* 0.08 0.09
Lithuanian 0.54 0.51 0.39 0.08
Hungarian 0.87 0.83 0.78 0.79
All comparisons were significant at p<0.001, except *p=0.04
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alleles in the two loci with almost complete dinucleotide
repeat size ranges, respectively.
A signal of a recent bottleneck of short duration or low
severity was only detected in the Norwegian population. It
was the only population with an excessive heterozygosity
compared with what was expected given the observed number
of alleles, or in other words which had an allele deficiency
compared to what is expected from the observed heterozy-
gosity (Table 5). The deficiency was statistically significant
with a TPM mutation model of 80% SMM (p<0.05) and
nearly significant with 90% SMM (p<0.07).
The observed M ratios were intermediate in the
Hungarian population, relatively low in the Scottish and
Lithuanian populations and especially low in the Swed-
ish and Norwegian populations (Table 5). This reflects
the proportion of alleles that were observed within the
allele repeat size range of each population compared with
the total number of alleles observed within this range
across all the sampled populations. The observed allele
ranges of microsatellite loci were narrower in the
Scandinavian populations (Table S1), and if the repeat
ranges observed in the other populations had been applied,
their calculated M ratios would have been even lower
(data not shown).
The hierarchical Bayesian analyses consistently sup-
ported population decline in all the investigated popula-
tions through estimates of large ancient (N0) and small
present (N1) population sizes. In each of the populations,
runs with different starting values for ancient population
size or time since onset of decline (T) yielded similar
posterior distributions of the parameters, as did also the
several similar runs (Gelman–Rubensteins’ R <1.13).
Among the populations, parameter estimates were similar
for ancient population sizes (N0 ∈ [50,000–100,000]) and
times since onset of decline (T ∈ [5,000–10,000] years),
but varied for the present populations sizes (N1 ∈ [200–
Fig. 2 Factorial correspondence analysis based on microsatellite data from Norwegian (No), Swedish (Sw), Scottish (Sc), Lithuanian (Li) and
Hungarian (Hu) red deer
Fig. 3 Individual posterior probabilities (y-axis) of Bayesian assignment (STRUCTURE) to five clusters (different colours) among European red
deer from five populations (separated by vertical lines)
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1,260]; Table 6). With all the populations pooled together
an order of magnitude population decline was detected for
the same time frame as for the separate populations
(Table 6).
Discussion
The populations that were sampled for this study all have a
history of postglacial colonisation. The Scandinavian,
Scottish and Lithuanian populations have the same putative
Fig. 4 Network analysis (TCS) based on the control region of
mtDNA haplotypes found in red deer populations sampled in Hungary
(Hu, brown), Lithuania (Li, green), Scotland (Sk, blue), Sweden (Sv,
yellow) and Norway (No, red). Haplotype sizes are scaled by their
observed frequency. Observed haplotypes are circular and haplotypes
downloaded from GenBank are elongated. The dots represent missing
intermediate haplotypes and the square is the haplotype assigned as
most ancient by the network software (TCS)
Table 5 Assessment of recent bottlenecks in European red deer
populations from the Wilcoxon tests; the probability of not observing
a heterozygosity excess assuming two-phase mutation (TPM) with
80% and 90% of stepwise mutation
Population TPM80 TPM90 M ratio
Swedish 0.94 0.99 0.45 (0.05)
Norwegian 0.01 0.07 0.52 (0.06)
Scottish 0.73 0.94 0.62 (0.05)
Lithuanian 0.21 0.36 0.60 (0.06)
Hungarian 0.27 0.50 0.70 (0.06)
Loss of alleles is indicated by the M ratio, the number of observed
alleles compared with the potential number of alleles within the allele
size range
Table 6 Averages and standard deviations (SD) of the posterior
distributions from MSVAR on a log10 scale of ancestral (N0) and
current (N1) effective population sizes, mutation rate (μ) and time in
years since onset of decline/expansion (T) in each of five European
red deer populations and for the five populations pooled
Population N0 N1 μ T
Swedish 4.9 (0.2) 2.4 (0.2) −3.7 (0.2) 4.0 (0.2)
Norwegian 4.9 (0.2) 2.3 (0.2) −3.9 (0.3) 3.8 (0.2)
Scottish 5.0 (0.2) 2.7 (0.2) −3.8 (0.2) 3.7 (0.2)
Lithuanian 5.0 (0.2) 2.6 (0.3) −3.8 (0.2) 3.7 (0.3)
Hungarian 4.7 (0.2) 3.1 (0.2) −3.6 (0.2) 3.8 (0.2)
All pops 4.6 (0.2) 3.4 (0.2) −3.4 (0.2) 4.1 (0.2)
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origin in the Iberian LGM refuge, while the Hungarian
population has a putative origin in the Balkan LGM
refuge (Ludt et al. 2004; Sommer et al. 2008; Skog et al.
2009). The lower levels of genetic variation observed in
the Scandinavian populations for 14 microsatellite loci
and one mtDNA sequence (Tables 2 and 3) thus suggest
that genetic variation has been lost since postglacial
colonisation, probably as a result of strong genetic drift
during founder events or one or more subsequent bottle-
necks. This was supported by the levels of genetic
variation in the three and four loci compared with the
Iberian and Serbian–Romanian populations, which lie
within the two putative LGM refuges (Ludt et al. 2004;
Sommer et al. 2008; Skog et al. 2009). The Iberian and
Serbian–Romanian levels were also higher than the two
Scandinavian but comparable with the other sampled
populations, suggesting particular losses from the two
Scandinavian populations. Genetic drift is also suggested
by the genetic differentiation identified through FCA
(Fig. 2) and pairwise Fst values between the sampled
populations (Table 4), especially in the Scandinavian
populations. The high pairwise Fst values and the
STRUCTURE analyses suggest limited gene flow be-
tween and a low degree of admixture among the sampled
populations.
Among the sampled populations, the missing alleles
within microsatellite repeat size ranges could indicate
previous bottleneck events but may also be biased by the
sample sizes. However, in the Norwegian population the
few additional alleles observed by increasing the sample
size by 20 times (Haanes et al. 2010) suggest that the
number of recorded alleles only was slightly affected by
the sample size. The gaps within the microsatellite repeat
size range of each separate population where the
corresponding allele was observed in other sampled
populations thus suggest that alleles have been lost during
previous bottlenecks, especially in the Scandinavian
populations. This is reflected by the M ratios. In all the
sampled populations the same 50 microsatellite repeats
were absent across the 14 loci, but the 12 of these repeats
that were observed across five loci in the Iberian, Serbian
and Romanian populations suggests that these gaps are
related to demographic effects rather than complex
multistep mutation. This is supported by the near complete
dinucleotide repeat ranges in these five loci across all
populations. In the Iberian, Serbian and Romanian
populations, the additional 21 repeats observed in these
five loci outside the observed ranges of the sampled
populations provide further support for previous bottle-
necks. However, the many gaps within the repeat size
ranges of also the Serbian and Romanian populations
(Table S1) may indicate that these populations have not
been as demographically stable as presumed. By compar-
ison, the sub-sampling in the two loci with almost
complete dinucleotide repeat ranges of only a few Iberian
individuals indicated that these recorded numbers of
alleles were not much affected by sample size.
The allele deficiency in the Norwegian population
indicates that alleles have been lost to a greater extent
than heterozygosity, as would be expected from a recent
bottleneck event of short duration or low severity
(Maruyama and Fuerst 1985; Allendorf 1986; Cornuet
and Luikart 1996). Such an event would concur well with
the population size and timing of the population reduction
recorded during the eighteenth and nineteenth centuries
(Collett 1909; Ingebrigtsen 1924), and furthermore, the
present genetic structure is concordant with the known
distribution at that time (Haanes et al. 2010). A bottleneck
of low severity does however not explain the reduced
heterozygosity. Heterozygosity is only reduced during
severe bottlenecks when common alleles are lost after
the initial loss of rare alleles (Maruyama and Fuerst 1985;
Allendorf 1986; Amos and Balmford 2001). Therefore, the
reduced level in the Norwegian population suggests
another older and more severe bottleneck event. By
comparison, the recorded decline in the Swedish popula-
tion from 300 to 50 years ago was more severe (Lønnberg
1906; Ahlèn 1965) and is compatible with its low
observed genetic diversity. A loss of common alleles
leading to reductions in both heterozygosity and allelic
diversity could explain why no allele deficiency was
observed after this recent population reduction. An
alternative explanation is that an earlier bottleneck could
have purged the rarest alleles so that the remaining and
more common alleles were less sensitive to further allelic
loss during a subsequent bottleneck. Moreover, the
intermediate genetic structure within each of the Scandi-
navian populations (Table 2) may involve a bias in the
BOTTLENECK analysis, where an increase in the number
of rare alleles present in a population from immigration or
population substructure can hide a bottleneck signal
(Cornuet and Luikart 1996). Even stronger bottleneck
signals have thus previously been detected for separate
Norwegian localities through the BOTTLENECK analyses
(Haanes et al. 2010).
The Bayesian analyses suggested ancient population
reductions in all the sampled populations (Table 6). The
time frames of 5,000–10,000 years suggested for the
onset of decline in all the populations coincides with the
period around postglacial colonisation (9,500–7,000 BP).
After the last ice age, founder events and isolation after
leading edge expansions involved loss of genetic varia-
tion and increased homozygosity in many newly colon-
ised areas (Hewitt 2000; Hewitt 2004). Such losses during
colonisation seem likely in areas like Scandinavia and
Scotland, considering the long distance to and the short
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period of southward connection with mainland Europe
(Andersen and Borns 1994), especially in the Norwegian
population that has been isolated on the west coast of
Norway (Ahlèn 1965). The different magnitudes of
population decline suggested by the Bayesian analyses
could be explained by founder events of different
magnitudes during colonisation, which would also help
explain the different M ratios.
However, the Bayesian estimates may also be biased
from model assumptions. The mutation rate applied in the
MSVAR analysis represents a typical average among
microsatellites (Dallas 1992; Weber and Wong 1993; Zhang
and Hewitt 2003). Slower mutation rates (10−6) yielded
higher population sizes and much longer time frames (data
not shown). Furthermore, the model assumes only a single
change in population size and a constant population size
prior to that (Beaumont 1999), and in populations with
more than one previous bottleneck, as indicated in the
Scandinavian populations, parameter estimates may be
biased. Other assumptions are that mutations occur by
SMM and an absence of population substructure (Goossens
et al. 2006). For coalescent-based analyses such as
MSVAR, genetic structure among the sampled populations
may involve a bias in detecting bottleneck signals. When
populations are interconnected by gene flow, false bottle-
neck signals can be created in separate populations when
immigrant alleles with a long-term coalescent history are
sampled along with resident alleles with a short-term
coalescent history (Chikhi et al. 2010). By comparison,
collapsing samples from genetically differentiated popula-
tions into one sample may give an opposite bias, hiding
bottleneck signals. Considering the genetic structure, the
low degree of admixture and the geographical distance
between the sampled populations, the bias from immigrant
non-resident gene copies should be of low magnitude in our
MSVAR analyses. Non-indigenous gene copies may also
arrive by translocation and introduction, but available
studies indicate very limited impacts in the sampled
populations (Gill 1990; Skog et al. 2009; Pérez-Espona et
al. 2008; Haanes et al. 2010). Moreover, the pooling
together of all the sampled populations in the MSVAR
analysis involved detection of an order of magnitude
population decline within the same time frame. The
skewness in reproductive success and sex ratio associated
with polygynous mating involve a pronounced reduction of
the effective size of a population (Nunney 1993) and the
parameter estimates of both ancient and current effective
population sizes probably reflect much larger census sizes.
The effective size of a population is also reduced when the
sex ratio is skewed by male-biased harvest (Sæther et al.
2009). Since harvest is strongly male-biased in the
Scandinavian countries compared with Scotland, Hungary
and Eastern Europe (Milner et al. 2006), there might be a
bias in the sex ratio among the sampled populations
affecting their ratios between effective and census size.
The Norwegian population currently has a very large
census size (Langvatn 1988; Forchhammer et al. 1998;
Langvatn 1998) and a highly skewed sex ratio could help
explain its lower estimated current effective size.
The single mtDNA haplotype observed in the Swedish
population was a strong indication of a long or severe
bottleneck. However, the relatively similar levels of
microsatellite variation in the two Scandinavian popula-
tions did not correspond to the higher level of mtDNA
variation in the Norwegian population. Possible explan-
ations may be male immigration into the Swedish
population, which would increase microsatellite varia-
tion, and female immigration (or translocation) into the
Norwegian population, which would increase mtDNA
haplotype diversity. Non-indigenous red deer have been
introduced in Sweden since 1950, but into localities well
separated from the sanctuary of indigenous Swedish red
deer in Scania (Ahlèn 1965; Gyllensten et al. 1983),
which has remained relatively isolated (Gill 1990). The
single observed Swedish haplotype suggests that female
immigration is absent. Male red deer may, however,
disperse as far as 200 km (Haanes unpublished data) and
male immigration from locations where red deer were
introduced could explain the higher microsatellite varia-
tion but low mtDNA variation in the indigenous Swedish
population. This may also be the case in the Hungarian
population, where the same pattern was observed.
A gene tree (not shown) and the mtDNA haplotype
network did not support any other distinct clades other
than for the Hungarian population, which represents the
East European lineage (Ludt et al. 2004; Sommer et al.
2008; Skog et al. 2009). In accordance with these studies,
the few mutations separating the haplotypes from Norway,
Sweden, Lithuania and most Scottish haplotypes suggest a
recent divergence and possibly a common origin of these
populations in a glacial refuge prior to postglacial colonisa-
tion. The single unique haplotype in the Swedish population
suggest both strong genetic drift and a limited gene flow
between the Scandinavian populations. Archaeological finds
also suggest separate prehistoric Scandinavian populations
(Grieg 1908), but it should be noted that these distributions
may have been wider since finds have been limited to
localities with high pH and good conditions for conservation
(Ahlèn 1965). By comparison, a high affinity is suggested
between the Norwegian and Scottish populations by their
sharing of two of the same haplotypes, as well as by their
relatively low mtDNA-based Fst value. During the Boreal
period (9,000–7,500 BP), the channel between Norway
and the North Sea land was at least 50 km wide at the
most narrow places, and red deer migration across this
channel from the British Isles seems unlikely (Grieg 1908;
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Hufthammer 2006). Still, we cannot rule out that human
transport of red deer from Great Britain to Norway have
occurred in earlier times like for example the Viking Age.
Considering the higher suitability of females for such
transport, this could explain the relatively high number of
mtDNA haplotypes in Norway and the haplotype sharing
with Scotland, as each introduced female may represent a
separate matriline.
In conclusion, the Scandinavian populations seem to have
lost genetic variation during one recent and one or several
older population reductions. In the Norwegian population the
recent bottleneck was of low severity but involved significant
genetic drift. By comparison, the longer-lasting recent
population reduction in Sweden was much more severe and
may explain both loss of alleles and reduced heterozygosity,
possibly overshadowing signals from other previous bottle-
necks. The presently low level of mtDNA compared with
microsatellite variation in indigenous Swedish red deer may
indicate that non-indigenous male red deer have dispersed
from introduced localities, which recently have increased in
numbers (Gill 1990), and reproduced within the protected
indigenous population. Managers should be aware and
special actions considered for conservation of still-existing
indigenous Swedish red deer. The single and uniquely
observed haplotype may be used to monitor spatial distribu-
tion and expansion of indigenous Swedish red deer, as well
as to detect introgression from female non-indigenous red
deer. By comparison, the loss of genetic variation from the
other sampled populations most probably derives from older
and more severe or longer-lasting bottlenecks than the
known recent decline in the eighteenth and nineteenth
centuries, probably during founder events of postglacial
colonisation in the early Holocene. Loss of genetic variation
can affect the adaptive capacity of a population (Allendorf
1986; Soulé and Mills 1992; Nunney 2000), but this could
not be assessed since we only used neutral genetic markers.
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